Although the ultimate origins of RNA viruses are uncertain, it seems reasonable to assume that these infectious agents have a long evolutionary history, appearing with, or perhaps before, the first cellular life-forms (38) . While the RNA viruses we see today may not date back quite this far, the evidence that some DNA viruses have evolved with their vertebrate hosts over many millions of years (24) makes an equally ancient history for RNA viruses a natural expectation. Yet a very different picture of RNA virus origins is painted if their gene sequences are compared; by using the best estimates for rates of evolutionary change (nucleotide substitution) and assuming an approximate molecular clock (21, 33), it can be inferred that the families of RNA viruses circulating today could only have appeared very recently, probably not more than about 50,000 years ago. Hence, if evolutionary rates are accurate and relatively constant, present-day RNA viruses may have originated more recently than our own species.
rate at nonsynonymous sites is roughly 100-fold less than that at synonymous sites, at ϳ10 Ϫ5 substitutions/site/year, then a distance d of 1 corresponds to a divergence time of ϳ50,000 years ago, although the greater influence of natural selection at nonsynonymous sites is likely to increase the variance around this. Hence, if two RNA viruses have an evolutionary distance of Ͻ1.0 at nonsynonymous sites, as is the case for many viruses classified in the same family and certainly for those within the same genus, then these viruses are unlikely to have diverged more than ϳ50,000 years ago if these substitution rates are accurate.
As a practical example, consider the genus Flavivirus, for which the evolutionary relationships among member viruses have been examined in detail. Phylogenetic trees of the flaviviruses contain three clades, corresponding to mosquito-borne viruses, tick-borne viruses, and viruses with no known vector (23) . If synonymous (d S ) and nonsynonymous (d N ) distances are estimated among representative members of these clades for the NS5 gene (using the PAML package [46] ; full results are available upon request), I find that the average d S of the three groups is ϳ20 substitutions per site, indicating that synonymous sites are so saturated with substitutions that they cannot be reliably used to estimate evolutionary distances. However, the mean d N of the three groups is roughly 100-fold less, at ϳ0.2 substitution per site, which would correspond to a divergence time of only ϳ10,000 years ago, assuming a nonsynonymous rate of 10 Ϫ5 substitutions/site/year. Even if the nonsynonymous substitution rate is 10 times lower than this, the estimated divergence time would still only be 100,000 years ago, and to make the divergence of the flaviviruses correspond to the origin of the placental mammals at ϳ100 million years ago would require a nonsynonymous rate some 4 logs lower, at ϳ10 Ϫ9 substitutions/site/year! Hence, simple molecular clock calculations suggest that the origin of RNA viruses is an extremely recent event. However, in some cases such a recent origin conflicts with other evolutionary data. Perhaps the most notorious example is that of the primate lentiviruses, which include the human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2) and a growing list of simian immunodeficiency viruses (SIVs) that infect a wide variety of African monkeys (19) . At face value, it would appear that these viruses have been associated with their host species for millions of years. Not only are they asymptomatic in their natural hosts, which when compared to the high virulence of HIV suggests that they have evolved stable associations over an extended time period, but the phylogenies of the viruses and the hosts often match, which implies that the viruses and the hosts have undergone cospeciation. Although the divergence times of the primate species in question are often uncertain, it is clear that virus-host cospeciation must mean a viral evolutionary history dating back millions of years. In contrast, far more recent timings are revealed using the sort of molecular clock calculations described here. In this case, the maximum sequence divergence observed suggests that the deepest split among the primate lentiviruses occurred only a few thousand years ago, and clearly far more recently than their host species diverged (36) .
A similar disparity between divergence times and phylogenetic history can be seen for another important human pathogen, hepatitis B virus (HBV). While not a strictly an RNA virus, HBV replicates using reverse transcriptase and so is also likely to evolve rapidly, even though precise estimates of substitution rates have proven difficult to obtain. Close relatives of HBV (the hepadnaviruses) naturally infect a variety of species of nonhuman primates, including chimpanzees, gorillas, orangutans, and gibbons (20, 43) . Although the phylogeny of these viruses does not match those of their host species (12) , it is intriguing that these primate species are those most closely related to humans, which hints that they have evolved together over a period of ϳ20 million years. Moreover, the primates that harbor hepadnaviruses live in very different geographical locations and it is difficult to see how these viruses could be so widely dispersed unless they had undergone cospeciation with their hosts (or were spread much more recently by humans). However, as with the primate lentiviruses, the best estimates of substitution rate suggest an evolutionary history of only a few thousand years and hence many orders of magnitude too recent for cospeciation (12) .
Importantly, the discrepancy between phylogenetic evidence for long-term cospeciation and recent molecular clock dates is also seen for a number of single-stranded RNA viruses. There is some evidence that the phylogeny of isolates of GBV-C (hepatitis G virus) matches that of the human populations from which they are sampled (30) . If true, this would mean that GBV-C has spread with its human hosts over a period of 100,000 years or so. More strikingly, the closest relative of GBV-C, the New World primate virus GBV-A, has seemingly undergone cospeciation with its host species over a period of a few million years (6) . However, if this ancient evolutionary history for GBV-A/GBV-C is correct, then the overall substitution rate needs to be in the region of 10 Ϫ7 to 10 Ϫ8 substitutions/site/year (6, 39) and therefore far lower than those usually documented for RNA viruses. Moreover, high substitution rates in GBV-C (ϳ10 Ϫ4 substitutions/site/year) have also been observed in intrahost comparisons (27) . A similar situation is apparent with the New World hantaviruses (family Bunyaviridae) and the arenaviruses, for which host and virus trees have been compared in detail. In most cases, it seems that these viruses have undergone cospeciation with their murid rodent hosts over several million years, although there is also evidence for occasional cross-species transfers (2, 3, 26, 31) . Moreover, a history of cospeciation is not restricted to animal viruses and has also been proposed for the plant tobamoviruses (17) . Whatever the virus, the problem is the same. If the inferred history of long-term virus-host cospeciation is correct, then the rates of nucleotide substitution in these viruses must be far lower than those reported for other RNA viruses; otherwise their gene sequences would be unrecognizably divergent.
WHY DO RNA VIRUSES APPEAR TO HAVE ORIGINATED SO RECENTLY?
At face value, there are three explanations for the apparent discrepancy between the very recent molecular clock estimates for RNA virus origins and the phylogenetic evidence for virushost cospeciation over millions of years. The most obvious is that the molecular clock is not constant and that rates of nucleotide substitution have changed dramatically both between viruses and along lineages. Specifically, if some RNA viruses evolved much slower than others or have experienced periods when their rates of nucleotide substitution were reduced, then divergence times could be greatly extended.
An important example of such a change in substitution rate is provided by influenza A virus. Although synonymous substitution rates in influenza A viruses from aquatic birds, horses, pigs, and humans vary no more than is usual among RNA viruses, the nonsynonymous rate is greatly reduced for the avian viruses compared to that seen for human viruses (18) . This supports a model in which there has been a substantial rate acceleration coinciding with the species jump from birds, in which influenza A virus persistently replicates in the gastrointestinal tract and is asymptomatic, to humans, in which it replicates in the respiratory tract, causes regular epidemics, and is subject to strong immune selection pressure (44) . Similarly, the nonsynonymous substitution rate is lower in the asymptomatic SIVs than in the pathogenic HIVs (32) . Whether such differences in nonsynonymous substitution rate are typical of RNA viruses that experience fundamental changes in their biology (persistence, tropism, virulence) as they switch hosts clearly requires further investigation.
While it is clear that nonsynonymous rates can vary to some extent when viruses infect new hosts, other than the debated case of GBV-C there is little evidence that overall substitution rates (that is, for synonymous and nonsynonymous sites combined) are orders of magnitude lower than 10 Ϫ3 substitutions/ site/year and hence sufficient to greatly extend viral divergence times. Indeed, the best evidence for low substitution rates is the supposed match between virus and host phylogenies, itself a subject of debate (see below). Such a lack of large-scale rate variation may not be unexpected. Because RNA polymerase has no repair activity, it is unlikely that intrinsic rates of mutation will vary substantially between RNA viruses or that they have been lower in the past than they are today. It is also unlikely that evolution could effectively grind to a halt if a virus reaches an adaptive peak, such as a stable association with a particular host species, so long as replication continues. Although the fixation rate of advantageous mutations might drop dramatically if there are few ways to improve fitness, which is seemingly the case for avian influenza viruses, many synonymous sites would still be expected to be neutral and therefore to accumulate sequence changes. For example, although the rate of nonsynonymous substitution is reduced in the asymptomatic SIVs, overall substitution rates are very similar to those seen for HIV (32) . Furthermore, a continual accumulation of amino acid changes through time has been observed in a variety of RNA viruses (33) , and experimental studies have provided little evidence for stasis in RNA virus evolution (28) . In fact, this seems to be the rule in biological systems as a whole. As a case in point, living fossils like the coelacanth have undergone very little morphological change over long periods of time, suggesting that they are at an adaptive peak, but have similar rates of nucleotide substitution to other vertebrates (48) .
Perhaps the most likely way that clock rates could vary between RNA viruses is if there are major differences in rates of replication, that is, in virus generation times. For example, HIV and HBV both replicate using reverse transcriptase, but HBV undergoes many fewer replications per unit of time (29) , which seems to have resulted in a lower substitution rate (12) . Hence, if RNA viruses differ dramatically in replication rate or have experienced periods when replication was either latent or extremely slow, then this would reduce substitution rates in the long run and would correspondingly extend divergence times. There is at least one group of viruses, the human T-cell lymphotropic virus types 1 and 2 (HTLV-1/2), for which such a difference in replication rates has been demonstrated to have had a major effect on substitution rates. In epidemic situations where transmission rates are high, most notably in populations of injecting drug users, replication rates are rapid as the virus spreads quickly in each new host. This results in substitution rates similar to those seen for other RNA viruses (34) . However, in regions of endemicity where vertical transmission is common, HTLV-1/2 maintain themselves within hosts through the clonal expansion of infected cells rather than through active replication. In this case, the substitution rate is reduced to that of the human DNA polymerases (ϳ10 Ϫ9 substitutions/ site/year). The overall substitution rate for HTLV-1/2, estimated to be ϳ10 Ϫ6 substitutions/site/year (41), is therefore a composite of both long-and short-term rates. Finally, some RNA viruses establish persistent infections within their host species, which is also likely to result in lower rates of replication. As such, persistence might be expected to greatly reduce substitution rates in the long run and also to increase the likelihood of virus-host cospeciation (42) , as perhaps is the case for the rodent hantaviruses.
A second explanation for the recent origin of RNA viruses is that the methods currently used to estimate evolutionary distances from gene sequences are flawed in some way, leading to a substantial underestimation of divergence times. Although there are a number of factors that influence the accuracy of these methods (for example, the probability of different types of base change and variation in base composition), the most likely source of error is in the relative rates of substitution for different sites along the sequence. If RNA viruses are biased such that substitution rates vary dramatically between sites, then this could have a major effect on distance estimates.
The development of methods that allow rates of nucleotide substitution to vary among sites has been one of the major advances in gene sequence analysis in recent years. The most commonly used method in this context utilizes a gamma distribution, in which a sequence alignment is divided into a number of classes, each with a different substitution rate. The precise distribution of these rate classes is then described by a shape parameter denoted ␣ (45). Low ␣ values (i.e., Ͻ1) mean that the sequence alignment is composed of both very quickly and very slowly evolving sites, and this appears to be true in most cases. Application of the gamma model can greatly inflate evolutionary distances and hence have a radical effect on divergence times. For example, an analysis of amino acid sequences from 57 proteins suggested that the divergence of eubacteria and eukaryotes only occurred ϳ2 billion years ago, some 1.5 billion years more recently than suggested by the fossil record (9) . While this could be taken to mean that cellular life has a much more recent origin than is usually thought, a reanalysis of the same data, taking into account among-site rate variation using the gamma distribution, produced divergence times far closer to the 3.5 billion years that was expected (25) . Although a 1.5-billion-year change in estimated divergence times is clearly a major effect, it is proportionally tiny compared to that required to reconcile molecular clock estimates of viral divergence times with those inferred under cospeciation.
Theoretically, however, it is possible to obtain ancient divergence times for RNA viruses simply by employing extremely skewed gamma distributions. Under this scenario, the vast majority of nonsynonymous substitutions take place at a very limited number of sites, while the rest of the sequence evolves far more slowly. As an example, consider the evolutionary distances estimated for second codon positions from our representative sample of flaviviruses (it is currently not possible to estimate gamma distances for nonsynonymous sites alone, so second positions serve as a rough approximation). For the three groups of flaviviruses, the mean d at these sites, corrected for multiple substitutions but without a gamma distribution, is ϳ0.25 and is similar to the nonsynonymous distance estimated previously. The maximum likelihood estimate for the shape parameter of the gamma distribution for these data is highly skewed (␣ ϭ 0.34). As expected, evolutionary distances increase if they are now estimated using this gamma model (mean d ϭ 0.43), although not sufficiently to make a major difference to estimated divergence times, which only increase to a little over 20,000 years (again assuming a rate of 10
Ϫ5
substitutions/site/year). However, more dramatic results are obtained if an even more skewed gamma distribution is used. If ␣ ϭ 0.1, then d increases to 2.3, so that maximum divergence times will be in the region of 100,000 years ago. Likewise, ␣ ϭ 0.05 equates to a mean distance of 52 substitutions per second codon site (maximum divergence time of ϳ2.5 million years ago), although the numbers are now so large that the distances cannot be considered accurate and the variation in distance among sites will be enormous. Similar observations have been made with respect to the primate lentiviruses (36) .
An extreme bias in the rates of nucleotide substitution among sites can therefore have a dramatic effect on estimated divergence times. Could RNA viruses evolve in a way that among-site rate variation occurs in such a biased manner? There are reasons for thinking that such a scenario is realistic. RNA viruses clearly differ from other organisms in their remarkable capacity to mutate. An important evolutionary byproduct of these high mutation rates is a cap on genome size; genomes larger than ϳ15 kb are rarely produced because of the "error threshold," the generation of a prohibitive number of deleterious mutations (11) . Since viral genome sizes are limited, sequence regions will encode multiple functions and individual mutations will often have pleiotropic effects, such as those influencing both cell tropism and immune evasion (1) . This, in turn, may mean that there are relatively few evolutionary pathways that can be followed by RNA viruses; otherwise, at least one key function will be disrupted, so that mutations preferentially accumulate at that small proportion of sites that are free to vary. Supportive evidence for such a model is the frequency with which convergent evolution is observed for RNA viruses (4, 7, 13) , as expected if only a limited number of evolutionary pathways are viable, and the evidence that RNA (37) and protein secondary structure (22) can act as constraints against sequence change. The problem, of course, is that the ␣ values estimated using the analytical methods available at present are a long way from the extremely biased values required to produce such ancient divergence times. Whether these methods are systematically underestimating the extent of among-site rate bias in RNA viruses remains to be seen.
The final explanation for the recent origin of RNA viruses is that this is in fact what happened. The key to this hypothesis is that the molecular clock dates discussed throughout this paper only relate to the RNA viruses currently circulating, that is, those that have been identified over the last 100 years or so. Thus, RNA virus families like the flaviviruses may in fact have histories dating back many millions of years, but the early members of these families have gone extinct to be replaced by those we sample today. All that is left following these extinction events are the very long branches relating the different families of RNA viruses to each other. Although the absence of a fossil record for RNA viruses means that it is difficult to test this hypothesis directly, it is striking that comparisons of viruses from different families reveal extreme sequence divergence, such that they are often no more similar than random sequences would be (47) . Indeed, the "tree" of all RNA viruses is highly distinctive in that it is composed of relatively close tips, representing members of each viral family, connected by internal branches of generally unquantifiable length. In these circumstances it is impossible to accurately infer when different families of RNA viruses diverged. As such, the lineages leading to the RNA virus families we see today could have existed for many millions of years but their early history has been erased by a combination of multiple substitution and continual extinction. Obviously, one implicit assumption in this model is that RNA viruses experience high rates of lineage birth (speciation) and death (extinction). Although unproven, the rapidity with which RNA viruses evolve within single populations makes it possible that they experience equally rapid macroevolution.
The recent origin of RNA viruses depicted by molecular clocks is therefore not as constraining as it seems. However, one major problem remains; how can we explain the match between virus and host phylogenies that has been taken as evidence for cospeciation over millions of years? In some cases, most notably the primate lentiviruses, a wider sampling of viruses has found so many exceptions to the strict match between host and virus trees that the validity of cospeciation has been questioned (5) . Further, it is striking that for many other RNA viruses for which there is evidence for cospeciation, including GBV-A/GBV-C, arenaviruses, and hantaviruses, there are also clear examples of cross-species transmission. If these viruses evolve at the same rate as other RNA viruses, then a process other than cospeciation must have produced the remaining match between the virus and host trees. Two mechanisms seem most likely. First, if phylogenetically related host species tend to live sympatrically, then viruses will tend to jump between closely related host species, which appears to be the case for the hantaviruses (2) . If this process occurs at sufficient frequency, then the host and virus trees may often match, giving a false impression of cospeciation. Second, the ability to jump species boundaries may be dependent on the phylogenetic distance between hosts, so that it is easier to establish a new infection in a closely related host species than in a more distantly related one (5, 8) . This model at least has a veneer of biological reality as it is evident that as host gene sequences diverge, especially the cellular receptors to which viruses bind, the less likely it is that an invading virus will be able to infect a foreign cell type and establish a productive infection. Unfortunately, while both models are possible, they currently lack clear empirical support.
WHAT NEEDS TO BE DONE?
As this review has highlighted, there is currently no allencompassing explanation for why the molecular clock dates of RNA virus origins are so recent. However, it is possible to identify areas where future research might be expected to clarify the situation. First, it is obviously important to obtain more accurate estimations of substitution rates in a wider array of RNA viruses. This can be most profitably achieved by examining viruses sampled over an extended time period, although such data can be difficult to collect. If RNA virus evolution is universally rapid, then we would expect to see a steady accumulation of mutations within the time frame of human observation. Conversely, viruses that pick up no or very few mutations during the sampling period would provide compelling evidence for slow clock rates. In the same way, it is clearly important to obtain better estimates of rates of viral replication in nature. In this context it is particularly important to determine whether persistent infections and viruses with low replication rates are also associated with low substitution rates, as this is perhaps the most likely way in which the molecular clock could differ between viruses. Indeed, it is possible that whether a virus causes an acute or a persistent infection represents a major division in the life-history strategy of viruses and that substitution rates might also vary accordingly (42) .
Second, more studies of RNA virus evolution in animal and plant populations are required. If examples can be found of long-term virus-host cospeciation, without the exceptions that are visible with current data, then it will be difficult to not conclude that the viruses in question have an ancient evolutionary history. In turn, if the sequences of these viruses are not excessively divergent (i.e., d is Ͻ1 at nonsynonymous sites), then this would also constitute powerful evidence for a low rate of nucleotide substitution. Likewise, examining the extent to which nonsynonymous substitution rates change when viruses infect new host species is central to understanding the forces that affect the tick of RNA virus clocks.
Finally, it is clear that we need new models of sequence evolution that incorporate the idiosyncrasies of RNA virus evolution. There are a number of areas where improvements could be made. First, more sophisticated models of nonsynonymous evolution are required, specifically those that allow a limited number of sites to accumulate the vast majority of changes, as may be true of viruses in nature, as well as those that take account of RNA and protein secondary structure (15) . At present, most attention has been directed toward gamma distribution, but it is possible that this model is too simplistic for the realities of RNA virus evolution and that more complex statistical models are required. It might also be necessary to develop models that allow patterns and rates of nonsynonymous evolution to differ among lineages. Although this will clearly add to the complexity of models, it may represent an important step toward reality; in the case of the primate lentiviruses, amino acid residues that are highly variable in HIV are sometimes conserved in chimpanzee SIV (19) , and this may have a significant effect on dating estimates. Such lineage-specific differences in rate might be incorporated using the so-called "covarion" model of sequence change, which has a long history in molecular evolution (15) and is currently experiencing a newfound popularity (14, 16) . More radically, it might also be possible to develop epistatic models of sequence evolution, in which mutations that occur in one sequence region affect variability elsewhere in the genome. These models have some precedent in evolutionary genetics, for example in the guise of fluctuating neutral space (40) , and may be a powerful innovation given the potential importance of compensatory changes in viral evolution. Although these developments are technically complex, they may greatly assist our attempts to accurately reconstruct the origin of RNA viruses.
